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A SURVEY OF TECHNIQUES FOR IMPROVING COST 
ESTIMATES OF FUTURE WEAPON SYSTEMS 

SUMMAP.Y 

The incongruity between estimated and actual costs of 

today's weapon systems indicates a need for cost estimates 

which more accurately predict the cost of future weapon 

systems. Estimates made near the beginning of a development 

program are particularly unreliable. For example, the cost 

of developing 11 existing weapon systems was as much as 

seven tiroes the amount originally estimated. A study of 

the development and p-oduction costs of 33 weapon systems 

showed that the original cost estimates were 180 to 220 per- 

cent too low, on the average, even after price-level and 

cost-quantity adjustments were made. The problem becomes 

acute when cost estimates are requested for Air Force weapon 

systems expected to become operational as much as 10 years 

in the future. 

Causes for cost overruns include technical complexity, 

technical obsolescence, schedule slippages, and contractor 

optimism. Frequently, a cost estimate is inadequate because 

it does not include all the necessary elements of total 
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system cost.  However, by far the greates.'. cause of cost ! 

overruns is lequireraonts uncertainty.  Sudden and unpredict- 

able changes in technology, enemy plans, and U.S. defense 

policies can change the requirement for a -veapon system 
i 

drastically,   or  even result  in  the program's cancellation. 

A change in oper?tional concept  could  significantly affect 
i 

installations and personnel costs.    The other major cause 

of cost overruns is technological uncertainty.     The size of 

cost overruns is directly related to the degree of tech- 

nological advance sought.    For example,  missile programs i 

requiring ambitious advances in  state-of-the-art have much 

larger cost overruns thrn do cargo and tanker aircraft 

programs which require relatively modest innovations. 
i 

( 
An adjustment factor can be applied to cost estimates 

! 

in an attempt to account for technological and requirements 

uncertainties. The adjustment factor is the ratio between 

■ ••■.' ! 

actual and estimated costs of completed weapon systems 
'    • '    " '   '  ■ :■ • ■    1 

requiring advances in technology which are comparable with | 
\ 

those of the new system. Adjustment factors must be applied 

to all elements of the total system cost, a long and tedious .      j 
j 

process. Adjustment factors might account for technological       | 
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uncertainty, but technical breakthrcMghs, enemy capabilities, 

and new operatioi.al concepts cannot be accounted for by 

applying a factor to a ai.ngle-point estimate. 

Subjective probability distributions can express tech- 

nological uncertainty, but not requirements uncertainty. 

The number of routine calculations required by this technique 

makes extensive computer facilities mandatory. 

The cost-estimating relation, a useful tool in cost 

estimation, is a statement of how one or more variables 

affect another. Even limited data can be used as empirical 

evidence in the derivation of cost-estimating relations. 

However, such data are often recorded by various organiza- 

tions under many different and vaguely defined cost elements 

and roust be rearranged so that like costs can be identified. 

The lack of data on existing missile and satellite systems 

reduces the effectiveness of using the cost-estimating 

relation in determining costs of future Air Force weapon 

systeuva. '■. - — " 

Cost sensitivity anelysiia is best described as a 

systematic examination of the changes in total system cost 

as important system configuration characteristics are varied 

over their relevant ranges. This technique best provides 



for requirements and technological uncertainties.     In fact, 

it  can even provide a range of cost estimates  for  a weapon 

system whose ultimate configuration is uncertain.    Cost 

sensitivity analysis requires much more effort  than  a 

single-point estimate,   but  long or complicated cost- 

estimating procedures are unnecessary.     This technique can 

be  used readily by a small group of analysts without exten- 

sive computer facilities. 

Other techniques,   singly or in combination,  may be 

useful  in special  situations.    However,   cost  sensitivity 

analysis is the  single most effective tcol for estimating 

the  costs of future weapon  systems. 

\ 

!        / 

Vi 



TABLE OF CONTENTS 

Paqe 

I.  INTRODUCTION   1 

II.  DISCUSSION  5 

A. Cost-Estimate Reliability   5 
B. Analysis of Factors Influencing 

Cost Estimates   10 

1. Technical Complexity   10 
2. Technical Obsolescence   10 
3. Schedule Slippages   11 
4. Timing of Cost Estimate  11 
5. Competitive Optimism   14 
6. (This paragraph deleted from documents 

for open publication.) 
7. Inaccurate Cost Estimates ,,... 17 
8. Price and Procurement Levels  17 
9. Cost-Estimating Uncertainty   19 

10. Air Force Requirements Uncertainty  19 
11. Technological Uncertainty  21 
12. Corroborating Studies     27 

C. Evaluation of Cost-Estimating Techniques   .... 31 

1. Objective ..'.......  31 
2, Description of Available Techniques  32 

D. The Most Satisfactory Technique—Cost 
Sensitivity Analysis  63 

E. Application of Cost Sensitivity Analysis  69 

x«    Assunipcxons  •*••••••»••»•••*•*• • • «••••««•••••• o-i 
2. Costs of Payload Weight and Basing 

3. Costs of Boosters and Propellants ......,..... 74 
-   4.    Costs of Guidance System .......... .v........ 74 

"■■■;CV/:-«.-.7.-    / ,^ ■':';.■: X:-.-vv;:v .-.     ■    ;,■..-■■'^.:- ^',    ^;^-';.     •   :""-:/v' 
F. Iinportance of Other Techniques  ......... 1... I.... 79 

BIBLICXSRAPHf    83 

'&&.&■       ' -■  '■/■. '■.■'■■   '■ '■■■'■ ;'   .  vii ■ 

./ 



£ 

y 

TABLE OP CONTENTS—Continued 

LIST OF  FIGURES 

Figure Page 

1 Correlation of Cost Overrun 
Factors with Time Slippage Failure»           13 

2 Correlation of Cost Overrun 
Factors with State-of-the-Art          26 

3 Missile System Cost Sensitivity 
(Fixed Number of Missiles)     45 

4 Satellite System Cost Sensitivity    46 
5 Propell^jnt Height Factors    61 
6 Missile System Cost Sensitivity 

(100 Missiles)           72 
7 Time Phasing of Missile System Costs    77 

LIST OF TABLES 

XaÖla Page 

1 Development Cost Factor 
in Eleven Weapon Programs     6 

2 Production Cost Factors 
in Twenty-Two Weapon Programs     7 

3 Development Cost Factor 
Versus Development Time Factor    12 

4 Production Cost Factors, 
Classified According to 
Degree of Technological Advance   23, .14 

5 Development Cost Factor 
Versus State-of-the-Art Index   25 

6 . Weapon-System Cost Categories     39 
7 Sensitivity of Cost to Payload 

Weight and Basing Posture   71 

vxii 

y 



\ 

A SURVEY OP TECHNIQUES FOR IMPROVING COST 
ESTIMATES OF FUTURE WEAPON SYSTEMS 

I.  INTRODUCTION 

Estimating the cost of future weapon systems is s diffi- 

calt and uncertain process, but it is essential for budget 

preparation and for major program decisions. In choosing 

between possible military systems, costs of the alternatives 

must bo estimated so that a logical selection may be made. 

The comparison of future weapon systems requires that data 

be gathered on the relative costs and effectivenesses of the 

Bystens. 

A weapon system is defined by Air Force Regulation 80-1 

(Reference 1) as follcws: 

"Weapon System. Composed of ^quipnient, skills, 
and techniques the compositp of which forms an 
instrument of combat, usually, but not necessar- 
ily, having an aerospace vehicle as its major 
operational element. The complete weapon system 
Includes all related facilities, equipment, 
material, services, and personnel required for 
the opexation of the system, so that the instru- 
ment of combat can be considered as a self- 
sufficient unit of striking power in its intended 
operational environment." 

Improved cost estimates of weapon systems are becoming 

increasingly important because many of the new systems are 
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extremely costly and require a substantial portion of the 

Nation's resources. In addition, increasing numbers of 

systems are proposed for the same mission or objective. 

Weapon-system cost analysis is much more than an esti- 

mate of the cost of the weapon itself. Weapon procurement 

costs in'iy  be relatively small compared to other necessary 

expenditures for base facilities, training of personnel, 

and operating expenses. Moreover, in the comparison and 

programing of systems for 5 to 10 years in the future, the 

costs of research and development roust be taken into account, 

Recent experience indicates these costs are increasing in 

relation to other costs and may be expected to incresse 

further as technological change accelerates. Therefore, the 

cost of the complete system must be estimated before alterna- 

tives can be compared. All related support costs for the 

entire life of the system must be included in the estimate. 

System life extends from the beginning of development, to 

system activation, and on through operation until the system 

leaves the active inventory. 

This report reviews the inaccuracy of past estimates and 

evaluates methods for improving the cost estimates for 

weapon systems expected to become operational as much as 



10 years  in  the  future.     The methods  are  studied to 

determine whether they: 

-1    Provide reliable and complete estimates 

-2    Constitute a means  for rapid  response to Air Force 

requests 

-3    Can be used by small groups of cost  analysts without 

benefit of extensive computer  facilities. 
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II.     DISCUSSION 

A.     Cost-Estimate Reliability 

Most weapon-system cost estimates made before procure- 

ment usually fall short of the actual amounts finally 

incurred.     Sometimes the actual costs  are many times the 

original estimates.    Estimates made near the beginning of a 

development program are particularly unreliable. 

Table  1 presents the ratis between  actual and estimated 

development costs for 11 weapon programs   (Reference 2:    p.  22) 

Development costs include all the expenditures necessary to 

bring a weapon  system to the point where  it is ready  for 

introduction  into the operational  force.     These costs include 

amounts  for research,   test vehicles,  ground-support equip- 

ment,   and  for all the activities associated with the test 

and evaluation of  the weapon system.    In the  table,   the 

average development cost factor is  3.2.*   Examination shows 

that development costs in the programs studied were as» much 

as seven times the original estimates.    In only one program 

were actual costs less. 

♦All averages in this study are unweighted, 



TABLE 1 

DEVELOPMENT COST FACTOR IN ELEVEN WEAPON PROGRAMS 

Program Development, Cost Factor* 

A  4.0 

B   3.5 

C  5.0 

D   2.0 

E  7.0 

P   3.0 

G   2.0 

H     2.4 

I   2.5 

J 7 

K  3.0 

AVERAGE   3.2 

•Actual cost divided by original cost estimate. 

Table 2 suaaarises some data on estimates of production 

costs (not including „he cost of development) for 22 major 

Air Force weapon systems (Reference 3; pp. 467-469). 

Included in these 22 systems are fighters (P-84, P-89, F-100, 
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F-102, and F-106), bombers (B-47, B-32, B-58), cargo and 

tanker aircraft (KC-135. C-133A), and missiles (BOMARC, 

SNARK, THOR, ATLAS, and TITAN) .  The ratio of the latest 

available estimate or actual cost to the original estimate 

is listed for each weapon system (e.g., if the latest cost 

estimate were twice the earliest available estimate, the 

factor would be 2.0).  The average cumulative cost of pro- 

duction is the average cost of procurement of a given number 

of primary flight vehicles, and does not include the costs 

of research and development, other initial investments, and 

operation and maintenance.  In Table 2, the average 

unadjusted cost factor is 6.5.  The ratio between the latest 

estimate and the earliest estimate of the cost of production 

for these vehicles ranges from a minimum of 1 to a maximum 

of 57.6. If the extreme missile case. Number 1, is excluded, 

the average factor for the 21 remaining items is 4.1 instead 

of 6.5. There are substantial differences in the averages 

of the four classes of equipment. The average factor is 1.3 

for cargo and tanker aircraft; for missiles it is 17.1. 

The raw factors presented in Table 2 are unadjusted. 

Adjustments are made for changes in price levels or for 

differences between the actual number of vehicles procured 

8 



and the number of vehicles  that wer^  to be procured at  the 

t:-ine the early cost estimates were müde.     Change«  in price 

levels have generally been upward;   therefore,   the actual 

costs should be deflated.    The cumulative  average cost of 

production is o decreasing function of total output.    Since 

actual total output usually is very different  from the out- 

put which was originally anticipated,   the original cost 

estimate,   based on a different procurement  level,   is 

adjusted to reflect  the actual number of vehicles procured. 

As shown by Table 2,   the effect of the adjustments is 

a reduction in the size of the factors.    The  average factor 

for all 22  items is reduced from 6.5 to 2.8.     Most of the 

reduction  is a result of the output adjustment rather than 

of the price-level adjustment.    However,   even after the 

adjustments were made on the raw factors in Table Z,   the 

actual costs,  on  the  average,  exceeded the original estimate? 

by 180 percent.    Individual production costs were as much as 

10.5 times the original cost estimates. 

Tables 1 and 2 show that original cost estimates were 

180 to 220 percent too low on the average,  even after price- 

level and cost-quantity adjustments were made.    For 

individual systems,   actual development and production costs 

y 



were as much as 6 and 10   tiroes greater than  the  early cost 

estimates.    When cost estimates are in error by such large 

margins,   the decision maker has difficulty  in selecting 

logically between alternative weapon systems. 

B.    Analysis of Factors Influencing Cost Estimates 

!•    Technical Complexity 

One of the outstanding features of today's weapon-system 

programs is technical complexity. This technical complexity 

includes: 

-1    A large number of  technical problems for each new 

weapon system 

-2    The  interrelation  among the  technical problems 

-3    The  large number   of components in the system in 

light of reliability requirements. 

All of these obstacles may be encountered within any one 

program. 

2.    Technical Obsolescence 

Technical obsolescence is another problem of today's 

technical environment,    weapon-system programs must often 

be changed or canceled as the technical state-of-the-art 

advances.    The SNARK system is an example.    The SHARK pro- 

gram,  begun in 1946.  was  for the development of an 

10 



air-breathing guided mi »sii« which vould fly subsonically 

and have a range of 6,000 miles.    By 1959,   the  less- 

vulnerable ballistic missiles had made SHARK obsolete.    The 

program was terminated  after an expenditure of about j 
i * 

$700 million and procurement of only one operational squadron. 

Similarly,   the NAVAHO,   an Air Force  supersonic  air-breathing 
j 

'rtissile costing about  $700 million,  »as made obsolete before 
j 

it entered production by the development of the ballistic i 

missile. . ' ] 

3.   ashftäHlfi SJUEBflasa ! 

Another possible cause of cost overruns  in development 

programs is long development  time.     The data reviewed 

indicate that cost overruns decreased as greater emphasis 

was placed on minimizing development time.     As can be seen 
I 

in Table 3 and Figure  1,   the greater the schedule  slippage 
i 

in a program,   the larger the cost overrun   (Reference 2; j 

p. 442). 
i 

4.    Timing of Cost Estimate | 

Another factor that should be considered is the timing 
t 

of the cost estimate.    Has the cost estimate made before, or ! 
-        • . I 

some time during,   the development program?    As might be ; 

expected, data indicate  that average cost overruns tend to 

11 



TABLE 3 

DEVELOPMEST COST FACTOR VERSUS DEVELOPMENT TIME FACTOR 

1    tt9<lEM 
Development 
Cost Factor* 

Development 
Tim? Factor**   i 

A 4.0 1     i.o 

B 3.5 2.3 

C 5.0 1.9 

1      D 2.0 NA 

1    ' E ■ 7.0 1.8 

F 3.0 1.3 

G 2.0 1.0 

H 2.4 1.3         1 

1 2.5 1.3 ■        I 

I      J        i .7 
j 

X*0 

1      K 3.0       1 1.4        | 

AVERAGE 3.2 1.43       | 

«Actual cost divided by original coeteBtinate, 
**Actaal tine divided by original tine eatinata. 

12 
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decrease if cost estimates are trade la'-e in the development 

program.  This study only considers cost estimates made 

early in the development program, because its purpose is to 

evaluate methods for estimating the cost of potential Air 
i 
I 

Force systems that could become operational 10 years in the 

future. 

5.     Competitive Optimism 

When a contractor  learns of Air Force interest  in a new > 

concept,  he prepares proposals which include cost estimates. i 

The contractor usually reflects his desire to win the con- 
V 

tract by outbidding the competition with optimistic cost 

estimates for initial development.    However,   not all of 

this optimism is due to the  competitive strategy o£  the 

contractor.    Sometimes the  <\ir Fcrce and its buying agencies 
i 

discourage realistic cost estimates because the budget may » 

be inadequate to support the new program.    In other cases. 

Air Force requirements have placed a premium on achieving 

the maximum possible advance in state-of-the-art,   thereby j 

encouraging the contractor to prepare optimistic technical 

proposals.    It seem« impossible to separate the cost over- 

run caused by cocpotitive optimism from that caused by 

technical uncertainty.    Technical progress occurs between 

14 
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the time the  initial contractor estimates are made  «nd 

when the program begins.     However,   there  is little doubt 

that  as  the  intensity of competition  increases,   the cost 

estimates  in the contractor proposals become rore 

optimistic. 

The  cost  analyst  is confronted with the task of making 

coot  estimates of advanced  systems with vary little  infor- 

mation other than the optimistic contractor cost estimates. 

He must  somahow adjust these contractor estimates to take 

into account the competitive optimism of the contractor,   5f 

he  intends to use the contractor's data.    The better altorna- 

tive would be   for the cost  analyst to make an  independent 

cost estimate based upon the best  available technical 

information and Air Force requirements for the weapon  system. 

6.      (Paragraph 6  intentionally deleted  from documents  for 

open publication.) 
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7.  Inaccurate Cost Estimates 

Another source of error in cost estimates can be the 

incoinpletenGSs of the cost analysis. Frequently, the cost 

analyst will produce poor cost estimates because he has 

failed to gather all the avaJlable technical and operational 

data on the proposed system.  Many times, the estimate of 

total system costs does not include all the necessary ele- 

n-.ents of system costs.  For example, the cost of a missile 

system night include the costs of the missile, the launcher, 

and the silo, but fail to include a prorated share of the 

cost of the launch control center.  It is important that 

weapon-system costs bo comprehensive, so that sound 

decisions can be made.  It is equally important that all the 

assumptions en which the cost estimates are based be pre- 

sented to the decision maker.  Intrinsic errors may also be 

expected in the basic data used in cost analysis and ir. 

cost-estimating relations. 

8.  Price and Procurement Levels 

Changes in price levels during th« development of a 

weapon system «re relatively small sources of error, and 

cost estimates are usually presented in current dollar 

values. The crudeness of present cost estimates makes cf 

17 
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questionable valur» the added refinement of predicting price 

levels durinc  the  life of the weapor  system.    As a matter 

of general interest,   it may bo desirable  to include the 

incremental costs caused by assuming several levels of 

inflation during the life of the veapon system.    However, 

even  if price-level changes could be  forecast,   the effect 

on  the relative costs of alternative  systems would generally 

be much less than that of other uncertainties.    Such eco- 

nomic computations should be supplemental to the basic cost 

analysis. 

The actual costs of any weapon system depend very much 

or. the quantities procured.     Large cost overruns are caused 

by cost estimates based upon one particular predicted  force 

size or level of procurement.    If for any reason a different 

number of items is procured,   large errors in cost estimates 

result.    A simple  solution to this problem is the presenta- 

tion of cost estimates for a wide range of procurement 

levels«   thereby giving the decision Aaker the means for 

quickly and accurately determining the differences in total 

system costs a« he changes the size of the force.    Unit 

costs generally decrease as the quantity produced increases, 

and this  functional relation is a necessary part of any cost 

analysis. 
18 
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9.  Cost-Estimating Uncertainty 

There are several possible sources of cost-estimating 

uncertainty.  Cost-estimating relations used in cost 

analysis cannot be assumed to hold exactly. In estimating 

a certain cost component as a function of many variables, 

it cannot be assumed that the variables will predict the 

particular cost with certainty.  The observations used in 

deriving cost-estimating relations invariably contain 

errors. In costing advanced Air Force systems, cost- 

estimating relations from past experience are sometimes 

used. Extrapolations beyond the range of the sample or 

data base from which the estimating relation was derived 

are another source of uncertainty.  Cost-estimating errors 

may arise because of the use of techniques which involve a 

considerable amount of aggregation. An important cost ele- 

ment may be overlooked if the aggregations are large. Large 

aggregations also make cost comparisons of alternatives 

difficult. 

10. Air Force Requirements Uncertainty 

Air Force requirements for a future weapon system 

drastically affect a development program and its associated 

costs.  Sudden and unpredictable changes in technology, 

19 
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enemy plans,   and U.S. defense policies might require pro- 

gram redirection or even cancellation.    Redesign of the 

weapon  system might prove necessary  and could produce a 

different configuration of the weapon system and all of 

its associated support equipment.    The uncertainty is 

further compounded by the  fact that  the requirement for  an 

advanced weapon is based upon  intelligence estimates of  the 

weapons possessed by a potential enemy.    Intelligence esti- 

mates  are  subject  to a considerable margin of error and 

change  suddenly as new information becomes available. 

Changes in the configuration of the weapon system are 

of two basic types.    One  change  involves hardware charac- 

teristics.     For example,   a new engine may be included on 

a strategic bomber.    The oth3r  involves the  system's opera- 

tional concept.     For example,  do the strategic bombers use 

existing Strategic Air Command bases?  or are they dispersed 

to remote  locations? 

There are many possible reasons for changes in a 

system's configuration.    The original design may fail to 

produce the required performance characteristics.    Required 

performance characteristics may be changed with a resultant 

change  in hardware specifications.    An attempt may be male 

S 
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to acquire the system sooner than was originally intended 

by substituting resources for time.  The strategic situation 

may change, producing changes in system deploymant.  For 

example, a higher degree of dispersal or alert capability 

may be required to reduce vulnerability of the system to 

surprise attack in a new strategic situation. Such changes 

of operational concept could significantly affect installa- 

tions and personnel costs which are substantial elements of 

total system cost. Of course, closely related to these 

possible reasons for changes in a system's configuration are 

the unforeseen technical difficulties that will be 

encountered in the development programs of future weapon 

systems. 

xi.   TechnolQgi?al Vnggryainty 

Technical problems of many kinds can be expected in a 

typical weapon-system program, and each of these unexpected 

difficulties has an effect on the contractor's ability to 

meet original time, quality, and cost predictions. Table 2 

revealed a direct correlation between the average cost 

factors and different classes of equipment. The smallest 

average cost factor was computed for the carcfo and tanker 

class and the largest for the missile c'ass.  The performance 

21 



requirements for new cargo and tanker aircraft are usually 

less than what has already been achieved by bomber aircraft. 

The engines for the c^rgo and tanker aircraft are usually 

"off-the-shelf" it^ms. In terms of both performance and 

physical characteristics of the equipment, comparatively 

modest innovations are required in cargo and tanker develop- 

ments. On the other hand, the technology which characterized 

the missile program? in Table 2 called for ambitious 

advances. Complex guidance and control systems and advanced 

propulsion techniques were required, and performance 

requirements were an order of magnitude greater than had 

been achieved before. 

The correlation between degree of technical advance 

sought and cost overrun factors is demonstrated in Table 4 

(Reference 3: p. 472). Technical experts classified the 

development programs in the table as small, medium, or 

large, according to the technical advance sought. The 

average cost factor shown is an increasing function of the 

size of the technical advance. Programs rfith small advances 

had an average factor of 1.4: programs with medium advances, 

1.8; and programs with large advances, 4.2. However, there 

is some inconsistency in the cost factors of the individual 
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^ABLE 4 

PRODUCTION COST FACTORS, CLASSIFIED ACCORDING 
TO DEGREE OF TECHNOI/OGICAL ADVANCE 

|  gmaU Advice | Medium Advance ^arqe t Advance  1 

I Weapon 
Type* 

Factor Weapon 
Type* 

Factor Weapon 
Type* 

Factor 

I   c  1.5 B 2.8 B  

F  

F  

B  

M  

M  

F  

.. 1.2 

.. 1.0   j 

..  .9 

.. 5.1 

.. 1.0   | 

..10.5 

.. 3.9 

|   F 1.8 

C 9 

F 2.5 

F 2.0 

i   c 1.5 p 1,2 

1   c 9 P e 

F 1.5 M  1.3 

M  .. 3.6 

M  .. 7.1 

M  . 7.1   j 

AVERAGE   1.4 1.8 4.2   1 

*B « bomber, C « cargo aircraft or tanker, F « fighter( 
and M > missile. 
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weapon systems. Several of the programs with small and 

medium technical advances had cost factors greater than 

several of  the programs with  large technical  advances. 

To further ascertain the extent of the correlation 

between technical advance and cost overrun  factors,   the 

development programs  in Table  1 were assigned state-of-the- 

art indices as shown  in TaLie 5.    The  state-of-the-art index 

measures the technical achievement and innovation required 

to accomplish the program's objective.    The values of the 

indices vange from 0  to 100.    A development program with a 

0 index indicates that no technical advance  is required 

beyond the  technology  of systems already  in production.     An 

index of 100 represents a development  program which would 

require  significant  and unforeseen breakthroughs in system 

technology.    Programs with indices between 1 and 99 are 

within the state-of-the-art,   and the magnitude of the index 

in these cases varies inversely with the amount of knowledge 

and experience available  for each program. 

Figure 2 presents data on the 11 development programs, 

with state-of-the-art indices plotted as the independent 

variable  (Reference 2:    p. 437).    A positive correlation 
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TABLE  5 

DEVELOPMENT COST FACTOR VERSUS  STATE-OF-THE-ART IKDEX 

Froqrain 
j   Development i   pt^te-of-^he-Art 

1       ^"^®Ä 

1     A 4.0 90 

B !      3-5 65 

C 5.0 92 

1     D 2.0 55 

E 7.0 90 

1     P 3.0 80         | 

G 2.0 50         | 

i    H 7.4 85         | 

i       I 2.5 60 

J .7 . . 80         j 

1       x' 3.0 60         | 

|   AVERAGE 3.2 

^Actual cost divided by original cost estimate. 
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was obtained between state-of-the-art exploitation and 

development cost factors, but the correlation coefficient 

is not high. 

From the data shown in Tabues 4 ami  J and  in Figure 2. 

it seems reasonable to conclude that technological uncer- 

tainty is a ma^or cause of production and de/eloproent cost 

overruns. 

12. Corroborating Studicg 

Study and analysis of historical cost data have indicated 

that requirements and technological uncertainties are the 

primary causes of errors in the cost estinu  > of future 

weapon systems. These uncertainties are so closely related 

that it would be unreasonable to consider them separately. 

Cost-estimating uncertai-.ity caused by intrinsic errors in 

costing a fixed configuration is small in compf.rison with 

requirements and technologica] uncertainties.  The conclu- 

sions of other studies support this statement. 

One of the first works in this area was prepared by 

Eugene Drussell at The RAND Corporation (quoted in 

Reference 4; p. 7).  He concluded that the pr.vitary cause 

of cost overruns is that the equipment .being costed changed 

after the estimate» were completed and that most of these 

27 
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changes resulted in higher costs.     However,   Brussell was 

primarily concerned with  systems hardware costs rather  than 

cotal  cost.     Mar&hall and Heckling,   after  studying  Brussell"s 

work and Robert Summers*   expansion of it,  reached  similar 

conclusions regarding  the main  source of error in cost 

analysis.     rhey pointed out that oarly cost estimates  for 

producing or developing  something new are usually based on 

the  initial design  and program plans.     As development pro- 

ceeds,   the  initial designs and plans are almost invariably 

changed,   either because of unforeseen . -al difficulties 

or  because  the customer decides  it  is essential  that  the 

equipment  be modified  to keep pace with changing  predictions 

of enemy capabilities,  new operational concepts,   and new 

technological possibilities. 

In theory,   it would be possible  to divide into two parts 

the  total error in cos»<- estimates as  they are prepared: 

(1)   errors in the cost of the configuration  supplied by  the 

cost estimator  (i.e.,   the intrinsic error in cost- 

estimating) ,   and   (2)  changes in the configuration as devel- 

opment progresses.     In practice,   it has not been possible 

to carry out  this separation.     However,   in the costing of 

most major  items of military equipment,   the  intrinsic errors 
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tend to be small in relation to errors caused by configura- 

^ tion changes (Reference 4:  p. 8).  Scherer and Peck 

^ concluded that one of the primary rauses of coat overruns is 

the unexpected difficulty :aused by technical uncertainties 

_ (Referenc« 2). Hitch and McKean agreed that technological 

uncertainty is the major source of error in cos;t cstimötes 

of future weapon systems (Reference 5s  p. 189). 

Another study considered variations in total system 

cost stemming from changes in system operational concept 

■"• (Reference 4: pp. 8-9) . The study pertained exclusively 

to intercontinental ballistic-missile systems.  It provides 

data on more recent systems than does the Brussell study. 

The study concluded, as did Brussell, that the main source 

of variation in cost estimates is requirements uncertainty. 

It is apparent from the study that in 1954 to 1960, fluc- 

^ tuations in cost estimates were occasioned most frequently 

by changes in operational and organizational concept. In 

•~ addition to examining variations in total system cost for 
v- 

ICBM systems, the study considered various components of 

the total. For example, estimates of personnel and training 

^ costs were shown to be clearly dependent upon varying con- 

cepts of combat employment for the ICBM force.  Considerable 
v 
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fluctuations  in  5-year personnel  and  training cost estimates 

por  operational missile have occurred  as manning  concepts 

have  responded  to changes   in  the   zzlvo capabilities required. 

Like  the work of Brussell,   this study presented cost 

variations  in quantitative terms,   but  the explanations of 

the variations were mostly qualitative.     Even though essen- 

tially qualitative,   these explanations offer proof  that most 

of the variations in system cost may be attributed  to 

requirements uncertainty rather  than cost-estimating 

uncertainty. 

The question still remains  as  to the  relative magnitudes 

of  the  two types of uncertainty.     Attempts have been made  to 

answer   this question by examining  caje histories of past 

weapon  systems,   but the  attempts were unsuccessful.    The 

data  sources available do not permit a quantitative 

identification of  these  two sources of error  in cost esti- 

mates of weapon systems. 

In another study.  Armen Alchian examined several cases 

where   requirements uncertainty was not a major factor 

(Reference 9:    pp.  10-11).    The  study  focused on  items and 

methods of production that vero well within "the state-of- 

the-art.     He was essentially examining cost-estimating 
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uncertai.ity.    Although the datiA  are neither recent nor  very 

broad  in scope,   they do provide  some basis  for a quantita- 

tive  statement on cost-estinating  uricertainty.    There  is no 

reason  to believe  that  the age or  the amount of data 

preclude  their validity.    On  the basis of these data,   it  is 

concluded  that the variation  in cost estimates attributable 

purely to cost-estimating uncertainty might average 20  to 

30 percent.    On the other hand,   the worKs of Drussell, 

Summers,   and others indicate  that variation in cost estimates 

can average 200 percent or higher,  while for individual sys- 

tems,   actual development and production costs were as much 

as   "  and  11   times  the original  cost estimates.    If these 

data  are  accepted as reasonable,   the conclusion  is  that 

variation  in cost estimates  attributable  to cost-estimating 

uncertainty is small  relative  to that associated with 

requirements uncertainty. 

C.    Evaluation of; Cost-Estimating  Techniques 

1.    Objective 

There is a need  for a cost-estimating technique that 

will take into account technological and requirements uncer- 

tainties.    The technique must be ut>able by a small group 

of cost  analysts with technical backgrounds and very limited 

1    \ 
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data-processing equipment.     It must, require a minimum of 

calculations  so that reliable cost  estimates on  futuie 

weapon   systems and  concepts can  be  provided   to  the Air Force 

on short  notice. 

2«    Description of Available Techniques 

a.     The Adjustment  Factor 

(1)     Pescy^ioti 

One possible solution to the problem of retirements 

and  technological uncertainties  in cost estimates is the 

use  of adjustment-, factors.    The adjustment factor is  a 

cost overrun factor,  defined earlier   (Section II-A)   as 

the  ratio between the actual cost of the  system and  the 

estimated cost.    The adjustment  factor  is applied to 

the  cost estimate  in an attempt to account  for uncer- 

tainties in requirements and  technology.    The factor  to 

be  applied to the cost estimate would depend upon the 

kind of  system beinc; developed and the degree of 

technological advance associated with the system.    On 

the  average,   the cost overrun  factor  increases as the 

technological advance increases.     (See Figure 2,  p.   26.) 

Zt is suggested that adjustment factors similar to the 

average cost overrun factors  could be applied to cost 

estimates. 
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Engene Brussell is responsible for gathering the 

historical data on past weapon-system programs as  shown 

in Table 2   (p.  7)   and  in Table 4   (repeated on p.  34  for 

convenience).    In his analysis,  he computed increases 

in major-equiproent cost estimates by comparing estimates 

made early in a weapon-system program with estimates 

made late in the program.    He concluded that the main 

benefits of his study were  a  clearer understanding of 

which  systems are most  likely to experience large cost 

biases,   and some insight about the  structure of the 

problem of uncertainty in cost analysis   (Reference 4: 

p.   7) .     He indicated that it  is not possible t-o develop 

adjustment factors which could be applied mechanically 

ai.d which would be valid under a wide range of 

circumslünces. 

Bruseell's study had some definite limitations. 

The analysis considered only major-equipment costs,   not 

total cyst-ero costs.    The study was made when cost- 

estimating techniques,  methods,   and concepts were  in 

their infancy.    There is no way of determining who made 

the cost estimates or for what purpose. 
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TABLE  4 

PRODUCTION  COST FACTORS,   CLASSIFIED ACCORDING 
TO DEGREE OF TECHNOLOGICAL ADVANCE 

i 

1      Small Advance 

i '     ■                     ■           ■   i 

Medium Advance 

1 

Larcto Advance 

Weapon 
|      Type* 

Factor 1   Weapon 
Type* 

Factor 

1 

Weapon 
Type* 

Factor 

1 
*         C    1.5 B 2.8 B    1.2 

1         p    1.8 F 2.5 F    1.0 

F 9         1 j         c 9 F 2.0 

C    1.5 F    1.2 

F 8 

B    5.1         1 

1         c 9 M    1.0         1 

j         F    1.5 M    1.3 

■ 1 

H 10.5 

F    3.9         \ 
1 
1 

M    3.6         1 

M    7.1         1 

M  
! 

..   7.1          1 

AVERAGE         1.4                                       1.8                                       4.2 
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Care must be taken in interpreting the average 

factor  increases.     For example,   in Table 4 the average 

production cost factor for a  "medium*  technological 

advance  is  1.8.    This is a  simple average,  and does not 

reflect the relative importance or  type of weapon system. 

Four of the  six entries in this coluian are fighters, 

one  is a bomber,   and one a missile.     It is doubtful 

that  this adjustment factor could be applied to a 

bomber or ricsile system with confidence. 

Based upon further analysis of the data assembled 

by brussell,  Robert Summers developed a "magic formula" 

for deriving an adjustment  factor  for major-equipment 

cost estimates.    Sun»ers claimed that although  the 

formula may not work very well  in any one particular 

case,   its repeated use  for a  large number of cases 

will result in equipment cost estimates which,  on the 

average,  will be more accurate  than those obtained 

without  the use of  the fo^ula ^te^^^lliÄS^S^t^' 

The important parameters which are included in the 

"magic formula" are: 

-1    The tine the estimate is made m relation to the 

development program 
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-2    The decree of  technological advance required 

-3    The  length  of the oevelopcnent period. 

When values of  the above variables for a particular 

advanced  system are substituted into the  formula,   the 

result  is an adjustment factor.     If,   for example,   the 

formula produces a value of 2.5  for a particular system 

whose major-equipment cost is estimated  to be X,  the 

adjusted estimate would be 2.5X.     The  formula,   althcMqh 

complex,   simply states that the adjustment  factor for 

systems requiring only minor technological advances 

and short development time will be close  to unity. 

But,  when major  technological advances are sought and 

development   time  is  long,   the adjustment  factor will 

be greater  than unity, probably between  2  and 3. 

Certainly,   it is not possible  to correct a cost 

estimate perfectly by multiplying  it by a  factor which 

reflects the error of similar estimates in tne past. 

However,   if the estimates are not corrected,  the data 

in Table 4 indicate that for a program requiring major 

technological advances,  the cost estimate will be too 

low by an average factor of 4.2.    Multiplication by a 

debiasing  factor of 2 or 4 will not make  ^e estimate 
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correct, but the revised ee'cinate is likely to be 

closer to the actual costs than the original, unadjusted 

estimate. 

Summers' analysis is a refinement of Brus^ell's 

earlier work but is nonetheless subject to most of the 

same limitations. The data base is restricted with 

respect to both quantity and quality.  The analysis 

is confined to major-equipment costs.  The formula is 

complex and not easy to apply. Another problem arises 

from the probable difficulty of arriving at reasonable 

estimates for the degree of technological uncertainty to 

be substituted in the formula.  Major-equipment cost is, 

in many cases, only a small part of the total system 

cost, which includes research, development, test, evalu- 

ation, initial investment, and operation of not only 

the primary vehicles, but also all the associated 

support equipment, facilities, and personnel. It is 

necessary to describe all of the cost elements of a 

weapon system so that the decision meker, faced with 

selecting a system from among several possibilities, 

will have the total cost, not just the procurement cost 

of the aircraft, satellite, or missile. 
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In order  to prepare estimates of  total  system cost, 

the analyst  should have a comprehensive  list of the 

categories  to be  included.    Table 6,   an example of such 

a  list,   divides  total  cost  into  three major  cateogircs: 

research,   development,   test,   and evaluation;   initial 

investment;   and annual operation.    Subcategories are 

provided which outline  total  system cost  in  further 

detail.     The  list  is  intended to be as inclusive as 

possible  to preclude the omission of significant ele- 

ments of thr   total cost.    The cost categories should be 

structured such a vay that those elements of the 

system which naw  the greatest impact on  total cost can 

be easily determined. 

There  are  advantages to a detailed  listing of cost 

elements.     Fi'st,   the costs of individual elements of 

tvo competing weapon  systems may be more  accurately 

compared  if both have been costed with  the  same  format. 

Perhaps only major cost categories are available  for a 

weapon system which is to be compared to another system. 

If the data  for the other system have been divided into 

smaller elements,   it might be possible to aggregate or 

recombine the email homogeneous units to match the 
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TWiLE 6 

WEAPÜN-SYSTÜM COST CATEGORIES 

Research,   Development,  Test4   and Evaluation 

f > 

Design and Development 
Test and Evaluation 
Management and Technical Direction 

Initial  Investment 

Installations 
Primary Equipment 
Support Equipment 
Spares 
Initial  Training 
Miscellaneous 

Operation 

Equipmert Peplacement and Maintenance 
Irstallations Maintenance 
Pay and Allowances 
Training 
Fuels,  Lubricants,  and PropelJ.ants 
Miscellaneous 
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major cost categories. By defining categories or sub- 

categories to a reasonable degree, the cost analyst is 

less likely to overlook  an important  cost element. 

If adjustment  factors were applied only  to the 

major-equipment category,  many other important cost 

elements of the  total  system cost would be neglected. 

The  following descriptions of tVe  subcategories  listed 

in Table 6 are intended to empha.-zr  tne  scope of total 

system cost. 

Under   the major category of research,  development, 

tost,   and evaluation,   the design and development 

include preliirinery design,   applied research,   mockups, 

test equipment,   nonairbome  instrumentation,   additional 

plant facilities,   and captive  test operations.     System 

test encomp-isses  the costs of flight  test vehicles, 

test operations,   test ground-support equipment,   and  test 

facilities.     Systems management and technical direction 

are usually performed by a corporation and  include 

systems engineering and  technical direction  to ccntractoro 

engaged in the development of the various subsystems. 

Under  the major category of investment,   installa- 

tions coulc*  include  launch pads,  runways,   new 
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maintenance  bhops,   and personnel facilities.     The primary- 

equipment category is  the aircraft or missile  assigned. 

to combat organizations.     Support equipment could include ^ 

launchers,   control centers,   cables,   cranes,   and trucks ^ 

for   a missile  system.     An allowance for  spare parts and i-?- 

major-equipment  spares  is also assumed.     Initial  training -v 

costs cover  the  formal  training of personnel  and  any 

line   firings  of r.i s      . -a   for  training  purposes.     The ^V 
'■>-. 

miscellaneous investment category includes items such as 

transportation of initial supplies and equipment and the 

travel expenses of personnel to the operational bases. 

Operating costs are recurring annual expenditures 

for operation vnd maintenance of the system once it has 

Leen initiated xnto service.  Equipment replacement and 

maintenance is an important subcategory of operation ,'- 

cost. Fo.   Tiple, significant replacement costs would 

be incurred .  •.  certain number of satellites in orbit 

were required despite high attrition rates. 

The cost of pay and allowances is determined by 

applying, appropriate factors to the kinds and numbers 

of personnel required.  The miscellaneous category in- 

cludes transportation of replacement equipment and : 

personnel. ^ 
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If adjustment   factors  are  to be used,   they roust  be 

dovclopd for all  these elements of  total  system cost, 

not  just the ma;or-equipment category.    There  is prac- 

tically no data  base which could be ueed  to derive   the 

uX formulas.    Even  if  such dat.d existed,   a different 

pormula would be required  for each cost element, 

resulting in a  cumbersome and time-consuming  technique. 

It would be extremely difficult to formulate  cost 

elements having adequate  flexibility for application to 

a wide variety of Air Force systems. 

(2)     Analysis 

Adjustment  factors  can be applied to cost estimates 

to take into accou.it  technological uncertainties of  a 

weapon  system,   but  technical difficulties  are only  cr.a 

part of the uncertainty problem.    Technical breakthroughs, 

enemy capabilities,   and now oraratiw.;«! concepts cannot 

be accounted for  by  applying  a  factor  tv>   ,.  «tingle-point 

cost estimate.    The estimate of the decree of  tech- 

nological uncertainty associated with a given weapon is 

at best fairly arbitrary,   and to present only a single 

factor rather than a range of possible values  is 

presumptuous. 
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Even if an adequate data base did exist for the 

derivation of adjustment factors for all the elements 

JV>A' of total system cost, the technique would still be 

cumbersome, time consuming, and generally unsuitable 

for use by a small costing group, 

b.  Cost Sensitivity Analysis 

(1)  Description 

Cost sensitivity analysis is the systematic examina- 

tion of the changes in total system cost of a weapon 

system as important system configuration characteristics 

are varied over their relevant ranges.  Configuration 

characteristics include hardware characteristics, system 

operational concepts, and rhe number of systems to be 

procured. 

In systems analysis studies wherein alternative 

systems and different configurations of the systems arc 

evalucted. cost sensitivity analyses are helpful in 

allowing for requirements and technological uncertain- 

ties. Cost sensitivity analysis can be used to establish 

th- possible range of cost estimates for a future 

weapon system whose ultimate configuration characteris- 

tics ate uncertain.  The analysis should indicate which 

v.v\ 

>s •■ 
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particular configuration  characteristics are  relatively 

less  sensitive to total  system cost.    This information 

xs especially useful when  total system cost  is rela- 

tively insensitive  to the most uncertain configuration 

characteristics. 

Figure  3 presents sensitivities and insensitivities 

of various configurations  of a hypothetical missile 

system.    In the figure,   the  total system cost is shown 

to b>» relatively insensitive to increases in pay load, 

possibly because many elements of total system cost, 

such  au ground-support equipment and installations,   do 

not  chaige significantly  as missile gross weight 

increases.     However,   the  total  system cost  is  sensitive 

to the type of propellant  used  in the missile.     Solid 

propellants are less expensive to store and handle  than 

cryogenic propellants. 

Figure 4 illustrates  a hypothetical satellite 

system's cost sensitivity to the probability of suc- 

cessful launch and  to the  length of time the satellite 

will remain in orbit.    If the objective is to maintain 

a fixed number of satellites in orbit over a given 

length of time,   total system costs would be very 
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sensitive  to  the launch reliability  and mean-tiroe-to- 

failure of  the system.    The  sensitivity of various 

elements of  the  total   system cost  to  launch reliability 

ar.d mean-time-to-failure  also  could  be shown  in the 

same way. 

(2)     Analysis 

Cost  sensitivity  analysis provides a range of 

system costs which  is  likely  to be  a more realistic 

guide  than a  single,   most probable cost.    However, 

there  are  limltatiors  to consider.     This technique 

requires much more work  than does a  single-point esti- 

mate.     Sometimes it  *s difficult to present  a  concise 

and  clear  suimnary of  all  the  numbers  generated  in   an 

extensive  sensitivity  analysis.    This  is particularly 

true when  the  consumer of the  coht estimates  is not 

accustomed to applying the results of  surh an  analysis. 

This  technique does not  furnish  any  formal measures of 

uncertainty as a basis  for p'obability statements.     Of 

course,   there  is no guaiuntee  that any given  cost 

analysis will include all the relevant ranges of 

characteristics or possibilities. 



Although  cost sensitivity  analysis does provide a 

rteans  to account  for most of  the elements of raquire- 

nents uncertainty,   it does rot directly state  the 

technological   uncertainties of the weapon system nor 

the possibility of a change  in enemy capabilities.    On 

the other hand,   it does account  for  such uncertainties 

indirectly fay  providing costs  for  a range of possible 

system characteristics.    However,   for  any one  of  the 

many configurations analyzed,   a certain technological 

advancement is decided upon  as most  likely representing 

the  technical requirements  for the  system.    Then, 

assuming  that   the operational  lequire^ents  for  the 

system do not  change,   the  analysis would  not   indicate 

the  increase   xn  cose   if unforeseen   technical diffi- 

culties were encountered.     If operational characteristics 

are compromised to avoid or  lessen  the effect of the 

tecnrical difficuliies encountered,   the cost sensitivity 

analysis would provide cost estimates for the new con- 

figuration.    For example,   some unforeseen technical 

problems may arise in achieving  the accuracy specified 

for the guidance system of an advanced missile system 

because of the weight  liraitat ions aa-posed on the guidance 
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package.     More aoney may be  spent  to  solve the  technical 

probless  'chat have preve: '~ ;   fulfillment  of  the  t>er- 

foraance requireoents.     Cost  sensitivity analysis does 

net predict  this unexpected expenditure.     However, 

should the -weight specified  for  the guidance package be 

increased  to avoid large expenditures,   cost sensitivity 

analysis vould provide estixaatss   for   the new configura- 

tion.    Moreover,   if scae technics! breakthrough were 

achieved,   cost estimates would be available for  the new 

li'oroved weapon system. 

Certain characteristics of cost sensitivity analysis 

should be recognized.    Usually,  more  time is needed to 

prepare  a wide  range of cost estimates   than a   single- 

point estimate.     However,   the  likelihood  that  the  single- 

point estimate will be reliable is extrcaely re^icte 

and.   therefore,   the additional time  is well spent.     Cost 

sensitivity analysis does not require any long or ccc;- 

plicated cost-estimating procedures and can be used by 

a small group of cost analysts without computers. 

In conclusion, cost sensitivity analysis does 

provide a technique which accounts tor much of the 

retirements uncertainty by presenting a range of cost 
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estiaares   for stany ccxjtinoencie».     It  is contid^red or.e 

c'f  t'rsi best  availatle  techniques  for improving cost 

»stirates cf  future weapon  systems. 

c.     SubTgetivg  Frc-c^b-litv Distributions 

(1)     Dey-crifticn 

Knctker technique  for expressing uncertainty in cost 

estimates alleys th<*  cost analyst  to apply his feelings 

of uncertainty concerning total  system costs.    Thi» 

technique does net show total cost uncertainty related 

to factors  the analyst has neglected to consider or  to 

changes in assustptiens.     It is useful for expressing 

the cos* -uncertainty regaining  after the cost analyst 

has defi.-iec  the systesi and identified assumptions cm 

carefully  as pc&sxhle.     Tne objective   is  to geneiate  & 

quantitative  statement  about the  range of reasonably 

lihely values for  total system cost.    It  is not recora- 

neaded that a statement be made of only absolute upper 

and lower  liait» of the  total system cost.    Instead, 

ss*h3ective probability concepts should be nsed  to 

describe isforsatxen gathered by the analyst for each 

element of tb* total system cost.;   uncertainty is 

quantified sry defiling o distribution* r's Meeting the 
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relative probable values of.  all elements.  Standard 

deviations for all system cleruents can then be computed 

and used to determine the standard deviation of the 

tor«! system cost. 

To apply this technique, it is first necessary to 

establish ground rules for the cost.estimate, and then 

to use the best data and cost-estimating relations 

available. Next, the estimate is reviewed to identify 

the elements of the total cost which reflect various 

technical and operational uncertaintier  Random 

variables are defined to represent the uncertain cost 

elenw tr.  The "subjective" distribution for each of 

the ; ndora variables is defined when a set of parameteirs 

for any of several distributions is specified. By 

using forroulii; associated with each representative 

distribution, the standard deviation and mean of each 

random variable is computed frctn the parameter values. 

Finclly, with Knowledge of how system, cost elements 
"■■'■:   K*V-v?.V .•■-:*.■■'.. .».••>■■• . .....   ,.       .<      .     ,.'-:vC   ,.■     ... ■ .,: 

.-,.■->, ;   ,;    r..      .   ■ •  .        - ., v-,      ,.   ., •«V.','-   '■ , 

were combined,   the standard deviation arid mean of the 
'S:i •■'•V 
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indicate his feelings of uncertainty about each cost 

element. Theieltau, uuiinoual distributions arc recom- 

mended which the cost analyst can readily use by 

specifying only two or three parameters for each random 

variable. The greater the nwiber of parameters that 

require specifrration, the greater the flexibility the 

analyst has in defining His feelings.  For each cost 

element, the analyst s?ioulcI select that representative 

distribution which most closely resembles his 

impressions about the uncertainty. 

For example, if tY.t  cost analyst chose a normal 

distribution, he could express his feelings by specify- 

ing the mode and the points which bind the central, 

80-pcrcent portion of the probability distribution. In 

a symmetric distribution, the mode is the mean, and 

both points must have the same deviation from the mode. 

The 80-percent range is arbitrarily selected as con- 

venient for the cost analyst to attempt to specify. 

This procedure provides an idea of the standard devi- 

ation of the cost esclmate. Other distributions that 

might be used are log normal, three- and four-parameter, 

linearly scaled Beta distributions, and trapezoidal 
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distribution.     When  sufficient quantitative empirical 

data are  available,   the  standard deviation  and mean may 

be competed directly without the use of representative 

distributions. 

A simplified example  of this technique  is the deter- 

mination of the cost of placing a number of satellite? 

in orbit.    Two independent variables are  the cost of the 

booster and the cost of the  satellite.     A four-parameter, 

linearly scaled Beta distribution offers a wide v.-jriety 

of shapes that can represent uncertainty in cost esti- 

mates  (Reference 7:     pp.   1-11).    The extreme  limits, 

the mode,   and the  length of the central,   80-percent 

range are specified  for each of the variables.     If it 

is 80-percent probable that the actual cost will lie 

between §60,000 and $100,000,  the  length of the  central 

range is $40,000.    The values expressed below are  in 

millions of dollars. 

Variable Extreme Limits       Mode        Central Range 

Booster 2.4    to 3.8 2.9 0.8 
Satellite 0.05 to 0.5 0.2 0.1 
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The mean (U) and the standard (a) deviation of the two 

cost elements are: 

Booster 12.0     1.2 
Satellite       6.5     1.3 

Since it has been assumed that booster cost and satel- 

lite cost are not interdependent, the mean and standard 

deviation of the total cost are: 

UT = 12.0 + 6.5 = 18.5 

0T =  (1.2)
3 + (1.3P = 1.77 

If the total cost is normallv distributed, the 

probability of an error in excess of $1,77 million or 

one o is 1/3. The probability of an error in excess of 

$3.56 million (or about 19 percent of the mean) is 1/20. 

These values are the probabilities that a random vari- 

able is more than Ko away from the mean 

(Reference 7t p. 11). 

The question is whether or not it is worth the 

effort to include a standard deviation for the total 

system cost. Additional information is required from 
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the analyst, and many additional steps are needed for 

the computation of the total system cost.  The average 

cost ana]yst may be reluctant to select and use the 

distributions, and the number of routine calculations 

needed makes the use of a computec almost mandatory. 

Possible distributions and their characteristics would 

have to be readily available to the cost analyst. If 

uncertainty is not described statistically, the analyst 

requires far T^ss information, but the results can be 

easily misused if uncertainty is not quantified.  It is 

more realistic to quantify the uncertainty for each 

cost element than to do the same for total system cost, 

if the incremental time and funds required are available, 

(2)  Analysis 

Subjective probability distributions are especially 

suited for expressing the technological uncertainty 

associated with the advanced weapon system. It is not 

clear how the technique could be used to express the 

uncertainties of enemy capabilities and changing 

operational concepts. 

In applying this technique, the cost analyst is 

called upon to provide his estimates of the four 
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required parameters and to select a distribution that 

adequately reflects his feelings for the requirements 

uncertainty. Many additional steps are needed for the 

computation of the total sys.em cost. Cost analysts 

with engineering backgrounds may not be receptive to a 

technique requiring the selection and use of probability 

distributions. Unless a computer is used, this tech- 

nique would r.quire too much time for a small group of 

analysts. The number of routine calculations involved 

makes the use of a computer almost mandatory for any 

size costing group, 

d.  Cost-Estimating Relations 

(1)  Description 

Because historical cost data are scarce, standard 

statistical techniques can seldom be used in estimating 

the costs of future weapon systems. However, even 

limited data can be used as empirical evidence for the 

derivation of cost-estimating relations. A cost- 

estimating relation is merely a statement of how one or 

more variables affect another. 
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One of the biggest difficulties in gathering 

empirical data  in that costs  are recorded by various 

organizations under many different and vaguely defined 

cost elements.    Available cu*-a must be arranged  in  such 

a manner that cost-estimating relations can be derived. 

Establishing a data base is  a continuing job,   and cost- 

estimating relations may change as more data are  accu- 

mulated.    The  fundamentals of deriving cost-estimating 

relations are: 

-1    Identification of the variables 

-2    Establishment of the appropriate functional  form 

-3    RäGcrjnition of the constraints 

-4    Determination of the confidence placed in  the 

estimating relations. 

Correlation and regression analyses are useful  in 

evaluating these relations. 

To demonstrate the use of this method,   the costs 

will be estimated for development engineering  and 

hardware f;brication of the alrfraroe for a hypothetical 

advanced booster system.    The THOR booster will be used 
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as  the analog for the estimation.    The design  and 

development cost  for THOR may be represented as: 

C = 4.OX 

where 

C = cost in milliona of dollars 
4.0 = THOR engineering  tirae in millions of 

man-hours 
X = cost per engineering hour  in dollars 

The airframe for v.he hypothetical booster system is 

assumed to be different frora the THCR booster  in several 

respects.     The new system is  larger,   has different 

propellants,   and requires  technological advancements. 

Each of  these differerces probably means an  increase 

in  the engineering hours required. 

A scaling factor can be derived that takes into 

account the  airframe requirements imposed by the 

chemical composition of the more advanced propellants. 

A scaling factor can also be used to adjust for the 

difference in weight.    The ratio between the propellant 

weight of the new vehicle and  that of THOR is a useful 

parameter,   but cannot be used directly beeause  the cost 

is not directly proportional  to the weight of  the 
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propellant carr.ed.     Instead,   an estimate  is made  of 

the percent of this ratio which would adequately account 

for differences in  the sizes of the two boosters.     Such 

a  relation is shown below,   assuming no advance in  the 

scate-of-the-art: 

C « 4.OX 0(0.9 + 0.1 -ä)] 
o 

where 

C « cost estimate in millions of dollars 
4.0 « THOR engineering time in million? of 

man-hours 
X » cost per engineering hour in dollars 
Y » propellant factor (chemical composition) 
a » propellant weight of new booster 
b « propellant weight of THOR. 

In the above relation, advances in the state-of-the- 

art have not been taken into account, except as reflected 

in the propellant factor which is a measure of the com- 

plications of using hew combinations of fuels and 

oxidizers. For a given vehicle design, it is difficult 

to adjust for an advance in the state-of-the-art by 

manipulating the term in the relation which accounts 

for the difference in {.ropellant weight. For example, 

the expression (0.9 + 0.1 a/b) might have been written 
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(0.5 + 0.5 a/b) if a significant advancement in tech- 

nology were required.  The selection cf coefficient» in 

this case is arbitrary (Reference 8:  pp. 13-20). 

The subjective reasoning that goes into accounting 

for advances in ths state-of-the-art of airframes can 

be quantified by plotting a family of curves indicating 

propellant weight versus the ratios of airframe weight 

to variou.- jropellant weights. The curves shown in 

Figur« 5 are based on the current state-of-the-art and 

on the assumption that a relatively minimum weight of 

tcink, structure, and miscellaneous subsystem equipment 

exists for any given prope.Tlant weight.  A proposed 

design using propellant A might have an airframe 

weight of 5,000 pounds and a propellant weight of 

250,000 pounds, producing a ratio of 0.02.  Fran the 

appropriate curve in Figure 5, it can be seen that the 

standard ratio of airframe weight to propellant weight 

ir.  0.03 for propellant A. The measure of complexity 

ia the ratio of the proposed to the standard, or 

0.03 to 0.02. Thii scaling factor of 1.5 could be 

included in the cost-estimating relation to reflect, at 

least partially, the increase in engineering man-hours 
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-ecsssary to achieve the structural weighi factor for 

the proposed system. The lower the airfraie weicht for 

a given propellant weight.. the more difficult the 

development. 

The greatest disadvantage« of techniques utilizing 

cost-estimating relations result from a general lack of 

an adequate data base from past, present, and projected 

programs.  Some reasonably applicable data do exist 

for several aircraft programs, but little are available 

on missiles, and almcst no data are available on üatel- 

lite systems.  In some crsss, a simple factor relation 

may exist that can be ex ressed as a single number. 

For example, a factor for pay and allowances of per- 

sonnel is readily avail ble and easy to apply. On the 

other hand, estimating relations can be much more com- 

plicated and diffiolt to develop and apply quickly. 

(2)   ftnelygis 

Although certain terms in  the cost-estimating rela- 

tions may allow the cost analyst  to apply scaling 

factors which ould account for technological 

advancements required by the system,   the cost-estimating 

relations in  themselves do not state requirements 
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uncertainty.     They can indirectly reflect uncertainty 

as  the cost analyst interprets the  available data 

before using  the estimating relations.     Some cost- 

estimating relations are simple  to develop and apply; 

others are complex and involve  lengthy  calculations. 

A small group of cost analysts could easily apply many 

of the simple,  well-established estimating relations, 

but  it probably would not have the  time nor the data to 

derive  any new relations.    Since the concern herein is 

Air Force  systems planned  for 8 to 10 years in the 

future,   cost-estimating relations  already in existence 

would probably not be useful. 

D•     The Vont  Satisfactory Technique—Cost  S^-nsitivity 
Analysis 

The  technique roott likely to improve cost estimates of 

future weapon  systems is cost  sensitivity  analysis.    Of the 

four  techniques evaluated,  cost sensitivity  analysis best 

provides  for requirements uncertainty.    It can be used 

effectively by a  small group of cost analysts and does not 

require extensive computer facilities. 

One proponent points out that although cost sensitivity 

analysis was not developed  initially to help cope with the 

63 

y 



uncertainty problem per se,   it can be useful in this regnrd 

(Reference 4:     pp.   23-28).     For example,   it may  aid in 

determining cost-estimating uncertainty.     For  this purpose, 

the requirements uncertainty would be assumed to be zero; 

then,   the sensitivity analysis could be used to show how 

system cost varies because of uncertainties in coat- 

estimating relations,   errors in basic data,   extrapolation 

errors,   and the  like.     This method could be used to SOIVJ 

an uncertainty about  the price of a type  of rocket propellant, 

The costs of future boosters which require  the propellant 

could be estimated on  the basis of several propellant piices, 

rather  than on one.     As a result,   the  sensitivity of total 

equipment cost  to the probable range of propellant prices 

would be indicated. 

No technique is perfect,   and cost sensitivity analysis 

is no exception.     It does not furnish any formal measures 

of uncertainty and  thus does not provide the basis for 

probability statements.    The many numbers generated in an 

extensive coat sensitivity analysis raust be carefully pre- 

sented to the group synthesizing the costs with the measures 

of effectiveness.     Of even greater importance  is the 

presentation of the  cost-effectiveness analysis to the 
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Air Force decision inaVer.    Here it is especially sionifi- 

cant to indicate  all of the possible contingencies 

associated with the cost analysis so that better decisions 

can be made. 

Cost sensitivity analysis requires much more work than 

a single-point estimate,   and there is no guarantee that all 

relevant possibilities will be included.     Regardless of its 

limitations,   cost sensitivity analysis is probably one of 

the best av?.liable techniques for dealing with  the uncer- 

tainty problem in cost analysis of future systems and 

forces.    It  fits we31 with  the over-all objectives of cost 

analysis,   since  the  sensitivity approach  is  the  one that  is 

most useful  to weapon-system analysis studies  and other 

activities requiring cost inputs. 

The cost sensitivity analysis approach applies equally 

well in a great many  circumstances and at many decision 

levels.    It is by no means limited to the defense field. 

In the automotive industry,  cost sensitivity analyses arc 

performed to guide the selection of designs for future 

transmissions and other automobile parts.    This type of 

study is worthwhile in the automobile industry because ov 

the high voluiue of the product which will be manufactured. 
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Cost sennitivity  analysis  is applied  in electr-onics system 

deaign, wher*» the  implications of reliability,   durability, 

or accuracy  levels  for  a  computer or radar  set  can be 

measured.     It can be very useful in determining  the cost 

implications of alternative designs  for a particular com- 

ponent;  for many people,   this type of analysis is more 

important than the over-all sensitivity of the total costs 

to these design alternatives. 

Cost sensitivity anelysls is an attempt to estimate the 

financial magnitude of alternative weapon-system mixes.. 

designs,   and operational concepts,   and the time  phasing of 

these alternatives.     Cost  sensitivity analysis  is not a 

complete study in  and of  itself,  but  is part of  a  full 

operations research or  systems analysis effort.     If it is to 

be useful,   it must be  integrated into the over-all cost- 

effectiveness evaluation. 

Some critics of cost sensitivity analysis point out that 

the cost analyst specifies a likely range for each of the 

cost elements and then totals the lowest values and the 

highest values for all the cost.elements to indicate a range 

of total system costs.     In fact,  the possibility is very 

remote chat all elements will actually attain their lowest 

r 
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or their highest values.  Hence, such a range of values is 

an overstatament of the magnitude of likelv variability in 

total system costs.  However, this criticism applies to 

cost sensitivity analysis as it is used to cope with cost- 

estimating uncertainty, and does not detract from the 

usefulness of cost sensitivity in accounting for requirements 

uncertainty. 

Another expert in the field of cost analysis of future 

weepon systems states that cost sensitivity analysis is a 

useful technique for dealing with problems of uncertainty, 

the more so because conventional statistical methods for 

deriving confidence limits and other measures of uncertainty 

cannot be appliud to cost estimates (Reference 4:  p. 20). 

First of all, to derive the conventional statistical 

measures of uncertainty, a representative sample must be 

drawn from a designated population and used as a basis for 

the statistical analysis. In the cost analysis of future 

systems, a large population is not available.  On the rare 

occasions when samples can be drawn, the size of the sample 

is invariably very small, making the application of most 

statistical theory impossible. In studying proposed future 

systems, numerous uncertainties must be recognized together 
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with their impact on system costs. Studies of historical 

cost data have shown, that perhaps the most important reason 

for differences between early estimates and final costs is 

that the ultimate configuration of the system was considera- 

bly different from that envisaged early in the program. 

Cost sensitiviti analysis deals explicitly with cost 
♦ ■  - 

differences related to ditferences in system configuration, 

and therefore can provide a range of system coste. which is 

likely to be a more realistic guide than a  single»  most 

probably cost. 

If extensive cost  sensitivity analyses are required, 

the capacity of a  small group of analysts may be  exceeded. 

Therefore,  it behooves the cost analyst and the Air Force 

to avoid broadening  the  scope of the analysis beyond that 

which is essential  for making sound decisions. 

However,   there may be  occasions when the importance and 

scope of the study necessitate th« renting of computer time. 

Under these conditions,   it would be important to reach an 

agreement with the consumer concerning the cost of the com- 

puter tima as compared to the value of the analysis. 

Possibly the Air Force could arrange for free computer time, 

or could include such expenditures in the contractor's fee. 
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E.  Application of Cost Sensitivity ftnalvsis 

The cost of a hypothetical advanced weapon system is 

analyzed in the followiiicj paragraphs to dsmonstrate the 

application and limitations of cost sensitivity analysis. 

The Directorate of Development Plcns, Headquarters 

United States Air Force, sends a formal request to a non- 

profit corporation for a cost-effectiveness study of a 

family of advanced ICBM's.  The purpose of the study is to 

examine a wide range of payload weights that can be delivered 

by the missiles to determine which size of payload is the 

most cost effective. 

1.  Assumptions 

The following assumptions are made to simplify the 

analysis: 

•1 The booster system and corresponding propellents to 

be used are'well within the present state-of-the-art, 

and the same type of booster is used regardless of 

the size of the payload. 

-2 The same general type of re-entry vehicle is used 

for all payload«. 

-3 Two basing postures are considered—hard-fixed and 

truck-mobile. 
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-4 The guidance system is an advanced design and is 
i 

well beyond current  technology. 

-5    A fixed number   (100)   of missiles is to be procured. 
i 

As a result of these assumptions,   pay load weight and  the 

basing posture are variables,   and all other elements of v 

weapon-syscem design,   development,   and operation  remain \ 

constant. 

2.     Costs of Pavload Weight and Basing Posture j 
« 

Table 7 is a sample format for displaying costs of many \ 

elements of the total system.  Four pay load weights are 

considered. System costs are prepared for the two basing 

postures for each payload weight. The major cost categories 

considered are research and development, initial investment, 

and 5 years of operation. The 5 years of operation is 

arbitrary, since weapon-system life can vary from 1 to 

10 years. Usually, several system lifetimes are assumed, 

and the results are shewn for the various assumptions. 

A hypothetical set of results of the sample cost 

analysis is shown in Figure 6. Payload weight versus total 

system cost is plotted for the hard-fixed and truck-mobile 

basing postures. Probable cost limits are also indicated 

for the nard-fixed posture.  The results indicate that 
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total  system cost  is fairly  insensitive  to the range of 

payload weights considered but  is very sensitive  to the 

type  of basing employed by  the missile.    The development, 

procurement,   and operation for  100 of the hard-fixed 

missiles  for 5 years would cost a total of about $3  billion. 

The  truck-mobi.'.e system,   with the  same  size payload, would 

cost  about twice as much  as the hard-fixed missile. 

The kinds of information presented in a completed 

Table  7 and in Figure 6 are especially useful to the Air 

Force decision maker who  is attempting to select the best 

weapon  system from among  several possibilities.    For example, 

the decision ir.aker who has  a  fixed number of dollars to 

procure  the best weapon  system car-  see immediately  from the 

cost results that he can obtain roughly twice as many hard- 

fixed ICBM's as truck-mobile ICBM'a.    Then he can consider 

incremental advantages such as  the increased survivability 

obtainable from a mobile system.    Cost estimates developed 

from cost sensitivity analyses are readily adaptable to a 

variety of situations and can be meshed with the various 

measures of effectiveness. \ 

Cost information,  as presented in Figure 6,  permits the 

user to assess quickly  the cost  implications of m&r»y of the 
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causes of requirements uncertainty.     For example,   if recent 

intelligence  information  indicated  that  the potential enemy 

had developed a means of destroying the hard-fixed ICBM's, 

the decision maker would have available cost data on an 

alternative basing posture,   as  shown.     Improved ratios of 

warhead yield-to-weight might be  achieved  through under- 

groui.d nuclear testing.     If warheads could be developed 

with higher yield  for the same weight,   a smaller missile 

payload weight would provide the  same •'estructive potential 

Again,   Figure 6 indicates the possible cost saving of 

selecting  a  smaller payload ICBM. 

3. Costs of Bolsters and Propellants 

The assumption was made that existing booster and pro- 

pellant technology would be used  for the missile system. 

Fairly accurate cost data should be available for. items 

like  those which hav 3 been developed and tested.    Cost- 

estimating relations are probably available for determining 

the booster and propellent costs as a  function of the weights ; 

required for the delivery of the pay loads under consideration. , v 
i 

4. Coats of Guidance System ; 

The guidance system tu be used  in the family of ICBM's 

is assumed to be an advanced design and is well beyond  the 
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current technology.     In this case,   no historical data  are 

available  and cost-estimating relations have not been 

derived.     The cost  analyst  is  faced with  the dilemma of 

costing a highly complex system that  is described only in 

general  terms  and may even be impossible  to develop.     In 

Table  7,   the cost of the guidance  system is hidden  in 

several of  the  subcategories of total  system cost.     For 

example,   it  accounts for some portion of the research, 

development,   test,   and evaluation costs,   and,   of course, 

the procurement costs of the primary equipment which,   in 

this case,   is  the missile. 

What can  the cost analyst do to reflect his uncertainty 

about  the development  and procurement costs of the guidance 

system?    One  simple  solution  is to make  a  range of estimates 

based upon  rhe best available information.     The highest, 

lowest,   and most  likely costs of developing and procuring 

the advanced guidance system could be eatimated.    The next 

question to be answered ic  what effect does this range of 

estimates hav^ on the ♦ -^ai system cost?    If the highest 

estimates for  the gu .drmce  system have a negligible effect 

on total syste» cost.  i\ ptVjably would not be »^cessary to 

indicate the ?f«sociated smaV»   increases in cost.    However, 
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if total sy&wem cost is sensitive to the cost of the 

guidance syr     he results should be presented to the 

decision ma; • 

It is J-LxlK-ult, if not impossible, for the cost analyst 

to prepare estimates covering such unexpected events as a 

guidance system's failing to mee!: system requirements or 

proving to be impossible to develop at any cost. One tech- 

nique vhich accounts for such un: ■, - ; sinties is to estimate 

the rate of spending required to davelop the system's com- 

ponents.  This would indicate to the decision maker the 

amount of dollars already cf-^-.atted at the time vhen the 

feasibility of developing the advanced guidance »ystcm 

should be verified.  Other useful information would be th« 

cost rf changing to an existing guidance syatem, should the 

advanced design prove impossible to develop.  Figure 7 

shows a typical time phasing of system costs for the major 

categories of research and development« investment, and 

operation. The point marked on the research and development 

curve indicates the anticipated date for determining the 

feasibility of developing the advanced guidance system. 

Should the system prove technically feasible, the solid 

lines indicate the most likely system costs for the 
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remainder of  tho missile program.     Should  the guidance 

system prove  to be  impossible  to develop,   tlien  the missila 

program might be  revised to  include  a different guidance 

package.     The dashed lines in Figure 7  show  the effect on 

the system costs of switching to a different guidance system. 

Obviously,   the money already spent on  the advanced guidance 

system would be  lost,   and the effectiveness of  the missile 

syritero probably reduced. 

Unfortunately,   past experience with weapon programs 

denonstrates that changes and delays in weapon-system 

development programs  cannot  be contended with  this easily. 

For example,   the estimated date  for proving  the  feasibility 

of the new guidance  system could  slip.     This might cause  a 

series of costly delays in the rest of the program.    After 

the guidance system proves feasible to develop,   it may still 

fail  to meet  the operational requirements.    This may lead 

to more costly delays and expensive modifications of the 

missile  system.     The cost analyst cannot anticipate such a 

wide range of possible events.    However,   by presenting good 

cost sensitivity analyses and by carefully outlining  the 

assumptions behind the analyses,  he can help the decision 

maker make more  logical selections of weapon systems. 

i      ; 
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F.  Importance of Other Techniques 

The other three techniques discussed should not bo dis- 

regarded.  Adjustment factors, subjective probability 

distributions, and cost-estimating relations are all useful 

techniques in special situations. During the cost sensi- 

tivity analysis of a weapon system, one or more of the 

other techniques are almost certain to be helpful in 

estimating all the individual elements of total system iost. 

There may be occasions when combinations of cost- 

estimating techniques might provide better estimates than 

cost sensitivity analysis alone.  For example, the costing 

group may be asked to respond to a request fron the 

Directorate of Development Piano in a matter of hours.  On 

this occasion there would not be sufficient time to perform 

a cost sensitivity analysis. Instead, the costing group 

would probably supply the best single-point estimates that 

could be prepared in the allotted time  ProbaMy a few 

contractor reports describing the system would be the only 

data available immediately. Perhaps one or two contractor 

reports night contain cost data. Usually, only the major 

categories of total system cost are shown in contractor 

reports, and it is difficult to determine which subcategories 

79 

y 



are included in the costs. Many times the Assumptions on 

which the cost estimates are based are incomplete or omitted. 

Since time would be insufficient to perform a cost sensi- 

tivity analysis, the cost analyst would have to apply some 

other technique. In this circumstance, the cost analyst 

should review the contractor costs for any obvious errors 

or omissions. Unless otherwise specified by the Directorate, 

the attempt should always be made to present total system 

costs. Next, the analyst should review past cost sensi- 

tivity analyses to find useful data on similar systems. 

Finally, existing cost-estimating relations anJ adjustment 

factors cculd bo used to provide the quick single-point cost 

estimates. The limitations and assumptions that are an 

integral part of such rough estimates must be carefully 

explained to the user. 

Cost sensitivity analysis does not provide any formal 

measures of uncertainty; theröfore. it does not furnish the 

basis for making probability statements. If the Air Force 

requests this typ« of analysis, some other technique must 

be utilized. The PERT (Program Evaluation and Review 

Technique) is used to cope with uncertainty in schedule 

estimates. The PERT procedure assumes that the 
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distribution's standard deviation can always be  approximated 

satisfactorily as one-sixtix of the total range between the 

highest and the lowest estimates.    Hcwever,   standard devi- 

ations calculated in this manner may be unreliable,   and no 

allowance is made for widely dispersed or sharply peaked 

distributions.    Hence,   the cost analyst's actual  feelings 

might be distorted.    To avoid some of these shortcomings, 

the subjective probability distribution technique described 

earlier la recommended.    It should be kept in mind that the 

successful application of the subjective probability dis- 

tribution technique depends upon a good background in 

statistics.     In addition,   a'itomatic data processing is 

desirable. 

There are many occasions when combinations of cost- 

estimating techniques offer better solutions than could be 

achieved with only one  technique.    For example,   the cost of 

personnel pay and allowances is included in annual operating 

costs.    Cost-estimating relations are well established for 

annual pay and support of the various grades of military 

personnel and serve as useful complements to the cost 

/ 
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sensitivity analysis.  Other elements of total system cost 

could prove to be difficult to handle by cost sensitivity 

analysis. In such cases, adjustment factors and subjective 

probability distributions could be of help. However, cost 

sensitivity analysis is the single most effective technique 

for accurately estimating the cost of future weapon systems. 

82 

,.v  ■'"'f^.T »Jtewa^JW —.*IN>»- .' .r T** .-•*;.,-v.-.*"to-'v*''* ■»^ .f9-..JÄ« - - J«->».J*^—, r» .-«-'■-*-. *■-* -■,><,■•***-^"' 

^ 



BIBLIOGRAPHV 

1. AFR 80-1, Research and Development, Definition of Terros 
(Department of the Air Force, Washington, August 1959}. 

■ ' 

2. Merton J. Peck and P. M. Scherer, The Weapons Acqui- 
sition Process;  An Economic Analysis (Boston: Harvard 
university, 1962). 

3. A. W. Marshall and W. H. Heckling.  "Predictability of 
the Costs. Time, and Success of Development,H The 
Rate and Direction of Inventive Activity;  Esonomic 
and Social Factors, a report of the National Bureau of 
Economic Research, New York (Princeton, New Jerseyt 
Princeton university Press, 1962, pp. 467-469). 

4. G. H. Fisher. A Discussion of uncertainty In Cost 
Analysis (RM-3P71, The RAND Corporation; April 1962). 

5. Charles J. Hitch and Roland N. Mcltean. v'yhe Economtcf 
of Defense in the Nuclear Age (R-346, The RAND 
Corporation, March 1960). 

'ifssiM 

7. S.  Sobel.    A Computerized Technique to Express uncer- 
tainty in Advanced System Coat Estimates   (ESD-TR-65-79, 
The MITRE Corporation,   September 1963), ' ? 

8. J. W. Noah.    Identifying and Estimating R&D Costs 
(RM-3067-FR,   supplement,  The RAND Corporation, 

May 1962). :■.'* ^.'VrW .n:^.'     ', 

9. A. Alchian.    Reliability of Cost Estimat-es^-Jotne       ^ '    ■    ^ 
Evidence  (RM-481,   The RAND Corporation', October 1950).    , 

fc* 

1 

■^^'IA-V-:- «1; -v^'i 

•   t. 
■' ? 

83 X 
?1 

t» 


